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Abstract—This work presents the electrostatic analysis of a
novel Ga2O3 vertical Schottky diode with three different guard
ring configurations to reduce the peak electric field at the metal
edges. Highly doped p-type GaN, p-type nonpolar AlGaN and
polarization doped graded p-AlGaN is simulated and analyzed
as the guard ring material, which forms a heterojunction with
the Ga2O3 drift layer. Guard ring with non-polar graded p-
AlGaN with band gap larger than Ga2O3 is found to show best
performance in terms of screening the electric field at the metal
edges. The proposed guard ring configuration is also compared
with a reported Ga2O3 Schottky diode with no guard ring and
a structure with high resistive Nitrogen doped guard ring. The
optimized design is predicted to have breakdown voltage as high
as 5.3 kV and a specific on resistance of 3.55 mΩ-cm2 which
leads to an excellent power figure of merit of 7.91 GW/cm2.
Index Terms—Ga2O3, Schottky barrier diode, guard ring,
GaN, AlGaN, Polarization doping, TCAD simulation.
I. INTRODUCTION
GALLIUM OXIDE (Ga2O3) has a huge potential forpower device applications due to its high breakdown
field. β-Ga2O3 has a band gap (4.6 eV) larger than GaN and
SiC, with an estimated critical breakdown field as high as
8 MV/cm. Due to the large critical electric field, the Baliga
Figure of Merit (BFOM) relevant to power switching could be
20003400 times that of Si, which is several times larger than
that of SiC or GaN. Low doped drift layers in conjunction
with large band gap materials can enable very high breakdown
voltage. Various power devices using β-Ga2O3 have been
demonstrated recently with high breakdown voltage in the
vertical geometry. [1]–[12].
Several field management techniques have been explored for
Schottky diodes over the years that includes edge terminations,
superjunctions etc. Guard ring is one such edge termination
technique where the anode metal edge is surrounded by a
doped region with opposite polarity to that of the drift region
to screen the high electric field generated at the metal edge.
Lin et. al. [13] recently demonstrated a Schottky barrier diode
(SBD) with nitrogen ion implanted guard ring (GR) with a
maximum breakdown voltage of 1.43 kV. Zhou et. al. [14]
also demonstrated a Ga2O3 SBD using Mg ion implanted
guard ring with a breakdown voltage of 1.65 kV. A similar
design with Argon implanted edge termination have also been
reported by Gao et. al. [15]. Although these devices can
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Fig. 1. Schematic of Ga2O3 SBD with guard rings (GR) where (A) Non-
polar p-GaN GR (B) Non-Polar p-AlGaN GR (C) Polarization doped graded
p-AlGaN GR with (1) SiO2 (2) HfO2 as field plate oxide.
achieve a breakdown improvement compared to the case with
no guard rings, the lack of electric field screening due to the
absence of carriers in the guard ring limits the breakdown
voltage. A high resistive guard ring, as demonstrated in the
previous devices can spread the depletion region and can
reduce the field crowding at the metal edges. However, a guard
ring with mobile holes can be very effective in screening
the electric field at the metal edges due to the presence of
a quasi neutral region and can dramatically shift the high
field region from the metal edge to deep inside the device,
thereby eliminating the effect of surface states which causes
premature breakdown. Because of the difficulty in having hole
concentration in β-Ga2O3 due to the absence of a shallow
acceptor and hole self trapping, p-doped III-Nitrides would be
a viable option to get a reasonably high hole concentration.
The idea of heterostructure guard rings have been proposed
on Silicon Carbide substrate previously [16]. Muhammed et.
al. [17] have reported the growth of c-plane n-GaN epilayer
on (2¯ 0 1) β-Ga2O3 substrate using MOCVD. Vertical blue
LEDs have also been demonstrated on (2¯ 0 1) β-Ga2O3
substrates [18]. Shimamura et. al. [19] reported growth of
c-plane GaN on (1 0 0) oriented β-Ga2O3 substrate using
MOCVD. On the other hand Cao et. al. [20] reported the
growth of non-polar a-plane GaN on (0 1 0) oriented β-Ga2O3
substrate by MOCVD. All these reports confirm the viability
of growing electronic grade polar and non-polar GaN on β-
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MATERIAL PARAMETERS
Material Ga2O3 GaN AlN
Bandgap (eV) 4.85 [21] 3.3 [22] 6.2 [22]
Electron affinity (eV) 3.9 [21] 3.9 [22] 0.6 [22]
Relative permittivity 10 [21] 8.9 [23] 8.5 [23]
Electron Effective mass 0.28m0 0.22m0 0.4m0
Hole Effective mass - 1m0 4m0
Critical Electric Field (MV/cm) 8 [21] 3.3 [23] 15 [23]
Sn Activation energy (eV) 0.13 [21] - -
Mg Activation energy (eV) - 0.2 [23] 0.6 [23]
Spontaneous Polarization (C/m2) - -0.034 -0.09
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Fig. 2. (a) Electric field distribution in SBD for (i) no GR (ii) Nitrogen doped
GR at bias voltage of 1500 V (b) Electric field vs position for N-doped GR
and no GR at 1500 V along the cutlines shown in the contour plots.
Ga2O3 substrates depending on the choice of orientation of
the substrate.
In this paper, we propose and design a Ga2O3 SBD with a
p-doped III-Nitride guard ring using electric field simulations.
We have explored three guard ring configurations including
(i) p-Gallium Nitride (p-GaN) GR, (ii) Non-polar graded p-
Aluminum Gallium Nitride (p-AlGaN) GR and a (ii) polar
graded p-AlGaN GR. In this work we perform detailed electro-
static simulations to capture and manage high in III-nitride/β-
Ga2O3 heterostructures. The design is optimized to extract
the optimum device parameters which efficiently reduces the
electric field. We have also explored the additional use of
field plate in the aforementioned optimum design to further
minimize the peak electric field in the device structure.
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Fig. 3. Electric field distribution and equilibrium energy band diagram for
SBD with (a) (b) non-polar p-GaN GR (c) (d) non-polar p-AlGaN GR (e) (f)
polarization doped p-AlGaN GR respectively at bias voltage of 2000 V and
GR doping of 1020 cm−3 (g) Electric field vs position in SBD for the three
different GR at 2000 V and at GR doping of 1020 cm−3 along the cutlines
shown in the contour plots.
II. SIMULATION METHODOLOGY
The schottky barrier diode device structure (Fig. 1) with
varied guard ring thickness of TGR, a 10 µm thick drift
layer (ND = 1016 cm−3), Ni/Au Schottky metal with a barrier
height ΦB of 1.4 eV [24], and a Schottky metal guard ring
overlap of 3 µm is simulated using Sentaurus [25] 2D TCAD
3device simulator. Width of the guard ring is considered to
be 50 µm. In the simulation, adequate numerical convergence
was reached by an optimized meshing, with subnanometer
grid spacing for the key electrical layers and their interfaces
and larger spacings for drift region. Spontaneous polarization
model is used to include polarization effect in the case of
graded polar p-AlGaN.The sponataneous polarization values
of -0.034 and -0.09 C/m2 is considered for GaN and AlN [23].
For p-type doping in GaN and AlGaN, incomplete ionization
model is also used to reflect the accurate hole concentration.
In order to capture the accurate results for high doping case,
Fermi-Dirac model is included for device operating biases.
The device simulation setup uses well calibrated mobility
model and thermodynamic transport model to match the recent
experimental results [13]. The device breakdown voltage can
be extracted from E-field simulation when the peak E-field
reaches the GaN (3.3 MV/cm) or Ga2O3 (8 MV/cm) critical E-
field. Band offsets were determined using electron affinity rule.
The GaN/Ga2O3 band offset estimated using electron affinity
rule matches well with the experimentally determined band
offsets [26]. The ionization integrals for avalanche breakdown
were not evaluated in order to avoid excessive computation
time. Furthermore, accurate ionization rate parameters are
currently unknown for Ga2O3. Hence it should be noted that
the breakdown is not directly calculated, but can be estimated
based on the generated electric field distributions [27]–[29].
It should also be noted that in real devices field crowding
can also occur in the device corners. However those fields are
always lower than the field crowding at the electrode edges
which is the primary cause of device breakdown. Hence our
comparison of device breakdown for the various configurations
based on 2-D simulation is considerably reliable and was also
demonstrated by other works [27] .All the material parameters
for β- Ga2O3, GaN and AlN assumed in the device simulation
are presented in Table I. All the other material parameters
for intermediate Al compositions in AlxGa1−xN have been
calculated based on GaN and AlN parameters using Vegard’s
law.
III. RESULTS AND DISCUSSIONS
The SBD with nitrogen doped GR and the one with no
GR is simulated for comparison and the electric field profiles
are shown in Fig. 2(a) (i) and (ii) respectively. The circled
cross-section in Fig. 1 is magnified and shown for all the
electric field contours. The bias voltage is taken to be 1500
V. Ionization energy of Nitrogen in β-Ga2O3 is considered
to be 2 eV [30]. The maximum electric field is at the metal
edge in both the cases and we can see that the field is reduced
in the guard ring structure in Fig. 2(b) as expected and also
experimentally reported [13].
We now explore the use of p-GaN as the guard ring material
(Fig. 3(a)). The use a of magnesium-doped GaN guard ring,
enables screening of the electric field at the metal edges due
to the presence of mobile holes. The activation energy for Mg
in case of p-GaN is considered to be 0.2 eV [31]. The doping
concentration is taken to be 1020 cm−3 (hole concentration
= 8.2× 1018 cm−3) and the guard ring thickness is 0.5 µm
and the anode voltage is 2000 V. The peak electric field has
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Fig. 4. Equilibrium energy band diagram of the simulated SBD with
polarization doped p-AlGaN GR for TGR = 0.5 µm and ND = 1016 cm−3.
Al composition is graded from 70 % to 40 % from the p-AlGaN/n-Ga2O3
heterointerface to the SBD surface.
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Fig. 5. Peak electric field vs applied bias in SBD for different GR configu-
rations with 0.5 µm of GR thickness and 1020 cm−3 of GR doping.
now moved to the p-GaN/n-Ga2O3 heterojunction as can be
seen in the electric field contour shown in Fig. 3(a). Fig.
3(b) shows the equilibrium energy band diagram of p-GaN/n-
Ga2O3 heterojunction. At the anode bias of 2000 V, the peak
electric field at the p-GaN/n-Ga2O3 heterojunction exceeds the
critical field of GaN (3.3 MV/cm). We simulated the p-GaN
guard ring configuration as a function of anode voltage and
the results are presented in Fig 5. The breakdown voltage of
the p-GaN guard ring configuration presented here is 750 V.
To be able to leverage the high critical E-field of β-Ga2O3,
a better design would be to use a guard ring material with
an enhanced critical field as compared to β-Ga2O3 . So,
we now study a graded p-AlGaN guard ring with aluminum
composition graded from 70 % at the AlGaN/Ga2O3 interface
to 40 % at the SBD surface. Lower Aluminum content
is employed closer to the surface so as to achieve higher
mobile hole concentration. Fig. 3(c) shows the electric field
distribution using graded AlGaN for a doping concentration of
1020 cm−3. However since the ionization energy of Mg is very
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Fig. 6. Peak electric field vs GR doping concentration with 0.5 µm of GR
thickness and at applied bias of 2000 V for different GR configurations.
high for AlGaN with high Al composition, it is very difficult to
realize a high hole concentration. In fact for Mg concentration
below 1018 cm−3, the peak electric field is always at the metal
edge because of the depletion of the entire GR. But if we
grow c-axis oriented AlGaN with graded Al composition with
decreasing Al composition from heterointerface to the surface,
we can realize a 3-D slab of holes (3DHS) [32] due to the
polarization doping effect. This is expected to significantly
increase the hole concentration even with low Mg doping due
to field ionization of dopants. Fig. 3(e) shows the electric field
distribution in the polarization doped p-AlxGa(1−x)N (where x
= 70 % at the heterojunction to 40 % at the SBD surface) GR.
The hole concentration in this guard ring structure increased
from the non-polar case by a significant amount (2× 1017
to 6× 1018 cm−3). Band diagram of the polarization-doped
polar graded p-AlGaN guard ring configuration is shown in
Fig. 3(f). It can be observed that the peak electric field is now
at the heterojunction mainly due to the positive polarization
sheet charge at the p-Al0.7Ga0.3N/n-Ga2O3 heterojunction.
The energy bands fall rapidly at the polar p-AlGaN/n-Ga2O3
interface, thus increasing the electric field compared to the
non-polar p-AlGaN/n-Ga2O3 interface as shown in Fig. 3(g).
Even for the low doped case, the bands fall rapidly at the
p-AlGaN/n-Ga2O3 heterointerface as shown in Fig. 4. So, a
polarization doped p-AlGaN GR would serve no benefit in
reducing the peak electric field.
Fig. 5 shows the peak electric field vs applied bias for
SBD with the five different guard ring structures. The doping
concentration for p-type guard ring is taken to be of 1020
cm−3 and for Nitrogen-doped case it is taken to be of 1016
cm−3 and the GR thickness is taken to be 0.5 µm. The non-
polar graded p-AlGaN, ungraded p-AlGaN, and p-GaN guard
ring shows best performance in terms of reducing the peak
electric field. However the SBD with GaN guard ring crosses
its critical electric field of 3.3 MV at 750 V. The non polar
p-AlxGa1−xN GR with uniform Al composition (x = 60%)
has a critical electric field as high as gallium oxide and hence
the breakdown voltage can be as high as 2000 V as shown in
the Fig. 5. The electric field is very high in case of the SBD
with polarization doped AlGaN GR because of the high field
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Fig. 7. Equilibrium energy band diagram of the simulated SBD with nonpolar
p-AlGaN GR for (a) TGR = 0.5 µm (b) TGR = 1 µm. Al composition is
considered to be 70 %. (c) Peak electric field vs GR doping concentration
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at the heterointerface.
Doping and thickness of the guard ring are critical parame-
ters that would determine the amount of electric field screening
and location of the peak electric field. We simulated the three
guard ring configurations excluding the SBD with no GR and
nitrogen-doped GR, as a function of Mg doping for a fixed
thickness of 0.5 µm at a bias of 2000 V. Doping in the guard
ring is found to determine the location of the peak electric
field as shown in Fig. 6. For the polar p-AlGaN guard ring, the
peak electric field is always at the heterojunction irrespective
of the doping. In the case of p-GaN and non-polar p-AlGaN
guard ring, the peak field is at the metal edge for doping
concentrations lower than 1018 cm−3. Since a high GR doping
is not necessary to minimize the peak field at the metal edge
and since non polar graded and ungraded p-AlGaN GR shows
similar performance, compositional grading in the GR is not
required, which will mitigate the challenge involving growth of
graded epitaxial layer of AlGaN inside the pocket of Ga2O3.
The electric field simulations clearly establish the com-
parably superior performance of non-polar p-AlGaN guard
ring configuration. We now further focus on this particular
configuration and study the effect of thickness of the guard
ring. In the case of low-doped guard rings, in order to take
advantage of holes, it is essential that the the thickness must be
sufficiently large to realize an undepleted region close to the
metal. Equilibrium energy band diagram of non-polar graded
5(a)
0 0.5 1 1.5
Position (µm)
2
4
6
8
10
12
14
16
El
ec
tr
ic
 F
ie
ld
 (M
V/
cm
)
Non- Polar p-AlGaN GR with FP
Non- Polar p-AlGaN GR without FP
Field plated SBD without GR
AlGaN Doping = 1016 cm-3
Ga2O3 Doping = 10
16
 cm-3
TGR = 1 µm
Bias = 3600 V
(b)
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p-AlGaN GR with low doping (1016 cm−3) with two different
thicknesses is shown in Fig. 7(a) and Fig. 7(b). Presence of
a quasi neutral region near the metal by employing a thick
low doped guard ring (Fig. 7(b)) is expected to be beneficial
for electric field screening. The quasi neutral region near the
metal edge provides room for the growth of the depletion
region at high reverse bias. The effect of guard ring thickness
as a function of Mg doping is summarized in Fig. 7(c). The
peak electric field at a bias of 2000 V can be reduced from
9 MV/cm to 7.5 MV/cm at a guard ring doping of 1016
cm−3. The peak electric field reduces as the doping increases
for doping concentration less than 1018 cm−3. As the GR
thickness increases, the peak electric field reduces till a doping
concentration of 1017 cm−3. Above this concentration the
peak electric field shifts to the pn-heterojunction and the GR
thickness has no effect on the peak electric field. In this
regime, there is no advantage of using a field plate, since the
peak field region is buried.
To further improve electric field management, we choose
guard ring configuration B with a thickness of 1 µm and
doping concentration of 1016 cm−3. In this case, the peak
electric field is at the metal edge. Now we analyze the potential
for further improvement in breakdown voltage with a field
plate. Fig. 8(a) shows the electric field distribution in the SBD
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for a GR thickness of 1 µm and at a bias voltage of 3600 V (i)
without and (ii) with a field plate respectively. An SiO2 layer
of 200 nm is used as the field plate oxide. We also compared
our design with a field plated SBD without GR as shown in
8(b). The field plating has more impact on the reduction of
the peak electric field compared to the SBD with only GR.
However, SBD having a field plate combined with a thick p-
AlGaN GR dramatically reduces the peak electric field at the
metal edge. Here again the peak electric field reduces as the
doping increases till doping concentration reaches 1017 cm−3.
So, the best design would be a thick low doped p-AlGaN GR
with a field plate.
The Fig. 9 shows the effect of field plating on reducing
the peak electric field for the SBD with non-polar p-AlGaN
GR. In Fig. 9, we can see that for doping concentration less
than 1018 cm−3, in the case of non-polar p-AlGaN GR, field
plating significantly reduces the electric field at the metal edge
and the electric field crosses the β-Ga2O3 critical electric field
of 8 MV/cm at a bias voltage of around 3600 V. For doping
concentration above 1017 cm−3, the field plating has no effect
on reducing the electric field because of shifting of the peak
electric field from metal edge to the pn-heterojunction. We
can also see that use of a high-k dielectric (HfO2, in this
case with relative permittivity of 22) with same dimension as
the previous case as field plate oxide in conjunction with the
guard ring reduces the peak electric field dramatically and the
device reaches the β-Ga2O3 critical electric field of 8 MV/cm
at a reverse bias voltage of 5200 V, which is significantly
higher than the highest reported breakdown voltage for any
vertical SBD with 10 µm drift layer [33]. The high permit-
tivity difference between the semiconductor and the dielectric
generates polarization bound charge inside the dielectric which
balances the depletion charge at the semiconductor interface
[29], [34], [35]. This charge balance results in flattening of the
electric field profile at the dielectric/semiconductor interface
reducing its peak magnitude. We have also simulated a field
plated SBD with HfO2 as field plated oxide without a GR
and it achieves a breakdown voltage of 4300 V. So, the
6use of a GR in conjunction with a field plate increases the
breakdown voltage by 900 V compared to the field plated
SBD with no GR. We have also analyzed other extreme high-
k material such as BaTiO3 (relative permittivity of 300) as
field plate oxide and the breakdown voltage was found to
reach 7800 V when used in conjunction with GR. Since
BaTiO3 has no conduction band offset with β-Ga2O3, use of
BaTiO3 underneath the metal might cause charge trapping at
the dielectric/semiconductor interface. To mitigate the charge
trapping, we have analyzed a stacked dielectric of HfO2 (5
nm)+BaTiO3 (295 nm). Here the large thickness ratio is
used to maintain the high dielectric constant for the series
configuration which results in an effective dielectric constant
of 248. Using this structure in conjunction with the thick guard
ring we are able to get a breakdown voltage of 6200 V.
Among all the devices described the SBD with non-polar p-
AlGaN GR added with field plate and a high-k field plate oxide
is found out to be best choice to reduce the electric field. The
thick β-Ga2O3 epilayers (10µm) on (010) β-Ga2O3 substrates
used in this design can be grown using HVPE and has already
been demonstrated [36], [37]. Selective area epitaxy of AlGaN
GRs inside Ga2O3 trench pockets can be done using MOCVD
[38], [39]. We understand AlGaN heteroepitaxy on Ga2O3
could lead to compromised material quality and will require
extensive growth and process optimizations. Experimentally,
trench Ga2O3 SBDs with field plate structures, were able
to achieve FOM as high as 0.95 GW/cm2 [33]. Using the
concepts explored in this work, if Ga2O3 SBDs with GR in
conjunction with field plates are implemented, we expect this
design to surpass the already high FOM achieved with Ga2O3
power SBDs. For instance, with a breakdown voltage of 6200
V and an estimated RON,SP of 3.55 mΩ-cm2, assuming a
mobility of 176 cm2/V.s [40], we should be able to achieve
extremely high FOM of 10.8 GW/cm2.
IV. CONCLUSION
A novel approach to reduce the electric field and thus
increasing the breakdown voltage for schottky barrier diode
by using p-doped III-nitride guard ring is proposed and
shown through a detailed device simulation. This approach
circumvents the issue of lack of p-type doping in gallium
oxide. The SBD with thick low doped non-polar p-AlGaN
GR in conjunction with a field plate and a high-k dielectric
can serve best in terms of reducing the peak electric field. The
inclusion of field plate and a high permittivity field plate oxide
in case of low doped GR is shown to further reduce the electric
field at the metal edges. Further research into the interface
properties of the AlGaN/Ga2O3 heterointerface will lead to
better understanding and use of such heterojunction-based
structures for high performance power electronic devices.
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